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A B S T R A C T
To clarify the potential of dopamine to alter airway tone in the presence of diﬀerent bronchoconstrictor stimuli,
changes in airway function following dopamine administrations were characterized when the bronchial tone was
elevated by stimulating the histaminic or cholinergic pathway. Airway resistance, tissue damping and tissue
elastance were measured in anesthetized mechanically ventilated rabbits under baseline conditions, during
steady-state bronchoconstriction induced by methacholine or histamine, and following intravenous dopamine (5
and 15 μg/kg/min). Bronchoconstriction induced by methacholine and histamine was signiﬁcantly ameliorated
by dopamine (14.8 ± 2.9% and 14.9 ± 2.9%; p < 0.05 for both), with no diﬀerence between the mode of
stimuli. Dopamine had no eﬀect on the tissue mechanics. These ﬁndings indicate that dopamine relaxes the
elevated airway smooth muscle tone without aﬀecting the lung periphery, and this eﬀect is independent of the
mode of constrictor stimuli. This proﬁle of dopamine suggests its ability to treat eﬀectively cholinergic and
histaminergic bronchoconstriction, besides its positive inotropic eﬀects on the myocardial contractility.
1. Introduction
Bronchoconstriction is a major adverse event occurring both during
general anesthesia and critical care (Habre et al., 2017; Hirshman and
Bergman, 1990; Holzman, 1994; Nunn, 1990). Involvement of the
cholinergic pathway by direct stimulation of the muscarinic receptors is
frequent in the perioperative period, particularly during tracheal in-
tubation (Gal, 1980) or mechanical stimulation of the airways, i.e.
bronchoscopy or bronchial suction. The muscarinic receptors can also
be activated following acetylcholine liberation via vagal stimulation,
such as manipulation of the upper airways. Another mechanism re-
sponsible for the respiratory complications is triggered by the hista-
minergic pathway. Most of the anesthetic drugs, such as thiopentone,
morphine and neuromuscular blocking agents are known to induce
histamine release into the circulation (Doenicke et al., 1995; Hirshman
et al., 1985; North et al., 1987). Furthermore, lung function dete-
riorations observed after allergic reactions or cardiopulmonary bypass
are also mediated primarily by endogenous histamine release.
Dopamine is frequently used as an inotropic drug to elevate cardiac
output. In addition to the beneﬁcial cardiac eﬀect of this drug, the few
previous studies addressing its ability to alter the airway tone reported
controversial results (Babik et al., 2003; Cabezas et al., 1999; Chen and
Shue, 1992; Michoud et al., 1984). Some papers reported a broncho-
constrictive eﬀect of dopamine (Chen and Shue, 1992), whereas others
demonstrated neutral airway eﬀects (Thomson and Patel, 1978) or re-
laxation of an elevated bronchial smooth muscle tone (Cabezas et al.,
2003). Dopamine was eﬀective in reversing cholinergic bronchocon-
striction, whereas it enhanced the histamine-induced bronchoconstric-
tion (Chen and Shue, 1992). Therefore, the diﬀerences in the activated
pathway to preconstrict the airways may have importance.
Therefore, we aimed at clarifying the eﬀects of dopamine on the
respiratory system by comparing its potential to alter the airway tone
via two major pathways (i.e. cholinergic and histaminergic) involved in
the perioperative adverse respiratory events.
2. Materials and methods
2.1. Ethics approval
This study was approved by the Experimental Ethics Committee of
the University of Szeged Szeged, Hungary, on the 7th of December 2012
(no. I-74-50/2012), and authorized by the National Food Chain Safety
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and Animal Health Directorate of Csongrád County, Hungary (no. XIV/
152/ 2013, Chairperson Cs. Farle) on the 9th January 2013. The pro-
cedures were performed according to the guidelines of the Scientiﬁc
Committee of Animal Experimentation of the Hungarian Academy of
Sciences (updated Law and Regulations on Animal Protection: 40/2013.
(II. 14.) Government of Hungary), following the EU Directive 2010/63/
EU on the protection of animals used for scientiﬁc purposes, and re-
ported in compliance with the ARRIVE guidelines.
2.2. Animal preparations
Experiments were performed in two groups of New Zealand White
rabbits (2.0–2.68 kg), with 9 rabbits in the dopamine-treated group and
7 rabbits in the control group.
Anesthesia was induced by an intramuscular injection of xylazine
(5mg/kg, CP-Xylazin 2%, Produlab Pharma, Raamsdonksveer, The
Netherlands) followed by an intravenous dose of sodium pentobarbital
(30mg/kg) through a cannula placed in the marginal ear vein which
was used for anesthesia throughout the whole protocol by regular IV
injections (5 mg/kg every 30min). A polyethylene cannula was inserted
in the trachea through a tracheostomy following the subcutaneous
administration of local anaesthetics (lidocaine, 2-4 mg/kg). The rabbits
were placed on a heating pad and the tracheal cannula was connected
to a small animal ventilator (Model 683, Harvard Apparatus, South
Natick, MA, USA), and mechanically ventilated with room air (3035
breaths/min, tidal volume 7ml/kg). The femoral vein was catheterized
with a 3lumen catheter for drug delivery, a femoral artery was cathe-
terized (PV2013L07, Pulsion Medical Systems, Munich, Germany) and
attached to a pressure transducer (PV8115, Pulsion Medical Systems,
Munich, Germany) for measurement of systemic blood pressure and
thermodilution measurements. A jugular vein was also catheterized and
used for transpulmonary thermodilution measurements.
Neuromuscular blockade was achieved by repeated IV administration of
pipecuronium (0.1mg/kg, every 30min, Arduan, Richter-Gedeon,
Budapest, Hungary). Expired carbon-dioxide (CO2) traces were mon-
itored by using a mainstream capnograph (Novametrix, Capnogard®,
Andover, MA, USA) connected between the tracheal cannula and the
Ypiece of the ventilator circuit. Body temperature was kept in the
39 ± 0.5 °C range by using the heating pad.
2.3. Measurement of respiratory mechanics
The measurements of the input impedance spectra of the respiratory
system (Zrs) were carried out by forced oscillations (Babik et al., 2017;
Fodor et al., 2014). Mechanical ventilation was ceased at end-expira-
tion for an 8-s long period and the tracheal cannula was connected to a
loudspeaker-in-box system to deliver the forced oscillatory signal. The
loudspeaker delivered a computer-generated small-amplitude (< ±1
cmH2O) pseudo-random signal in the interval 0.5–21 Hz through a
screen pneumotachograph (11mm ID), which was used to measure the
gas ﬂow (V') with a diﬀerential pressure transducer (model 33NA002D;
ICSensors, Milpitas, CA, USA). An identical pressure transducer was
used to measure the pressure at the airway opening with reference to
the atmosphere (Pao).
The Pao and V' signals were low-pass ﬁltered at 25 Hz and sampled
with an analogue–digital board of a microcomputer at a rate of 256 Hz.
Fast Fourier transformation with 4-s time windows and 95% over-
lapping was used to calculate the Zrs spectra (Zrs= Pao/V'). Three to
four Zrs spectra were recorded at each experimental step which were
ensemble-averaged for further analysis.
2.4. Estimation of airway and parenchymal parameters
The airway and parenchymal mechanical properties of the re-
spiratory system were separated by ﬁtting a model to the averaged Zrs
spectra by minimizing the diﬀerences between the measured and
modelled impedance values. The model consisted of an airway com-
partment containing airway resistance (Raw) and airway inertance
(Iaw), and a constant-phase tissue unit (Hantos et al., 1992) char-
acterized by tissue damping (G) and elastance (H):
Zrs=Raw+ jωIaw+ (G− jH)/ωα
where j is the imaginary unit, ω is the angular frequency (2πf), and α is
(2/π) arctan (H/G).
2.5. Hemodynamic monitoring
Systemic hemodynamic parameters including the systolic (Psys) and
diastolic (Pdias) arterial blood pressure and mean arterial pressure
(MAP) were monitored by a transpulmonary arterial thermodilution
system (PiCCO; Pulsion Medical System, Munich, Germany). The ap-
paratus consists of a 4 F arterial catheter inserted into the femoral ar-
tery and a central venous catheter placed in a jugular vein. The thermal
indicator bolus (3 ml of< 8 °C saline) was injected into the right atrium
via the central venous line and the monitor determined the cardiac
output (CO) from the thermodilution curve.
2.6. Experimental protocol
The timeline of the experimental protocol is illustrated in Fig. 1.
After the animals reached a steady-state condition 510min following
completion of surgical preparation, lung volume history was standar-
dized by two moderate hyperinﬂations (double tidal volume) by oc-
cluding the expiratory port of the ventilator. Baseline respiratory me-
chanical parameters were assessed by measuring a data set of 34
reproducible Zrs recordings along with CO measurement. Following the
establishment of the baseline values, the animals were randomly given
either methacholine (MCh, 5 μg/kg/min) or histamine (Hist, 10 μg/kg/
min) as a constrictor agonist by a continuous IV infusion. After estab-
lishing a stable level of bronchoconstriction determined by a steady-
state increase of Raw (within 5%, approximately 15min after its onset),
another Zrs data set was recorded with 1-min interval between the
individual measurements and CO was also registered. Dopamine was
then administered to the animals of the dopamine group (Group DA) by
means of a continuous IV infusion (5 μg/kg/min), while the adminis-
tration of constrictor agonist was sustained. After 5min, a next set of
Zrs spectra were recorded along with CO data. Both infusions were then
ceased, and following a 30-min recovery period, a second baseline was
established in a similar fashion. Rabbits were then administered the
other constrictor agonist by a continuous IV infusion and measurements
were carried out after stabilization of the bronchoconstriction. Dopa-
mine was administered again at 5 μg/kg/min and Zrs and CO mea-
surements were carried out after 5min. The dose of dopamine was ﬁ-
nally elevated to 15 μg/kg/min, followed by recording Zrs and CO data
after 5min. Systemic hemodynamic parameters were registered at each
Fig. 1. Scheme of the experimental protocol. DA: dopamine, CTRL: control,
PiCCO: cardiac output measurements, FOT: respiratory mechanical measure-
ments. Constrictor challenge: continuous infusion of either methacholine or his-
tamine.
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step. The same experimental protocol was carried out in the rabbits
included in the control group (Group CTRL), however instead of the
inotrope, only saline was administered.
2.7. Statistical analysis
The scatters in the parameters were expressed as SE values. The
Shapiro-Wilk test was used to test data for normality. Three-way re-
peated measures of analysis of variances (ANOVA) with the factors
experimental group (Group DA or Group CTRL), experimental step
(baseline, constrictor, constrictor and dopamine) and constrictor ago-
nist (Hist or MCh) was used to assess the eﬀects dopamine on the re-
spiratory mechanical and hemodynamic parameters. The Holm-Sidak
multiple comparison procedure was applied to compare the diﬀerent
conditions (for repeated measures) or agonist types (for independent
groups). Correlation analyses between the variables were performed by
using Spearman correlation tests. Sample size was estimated based on
the Raw values as the primary outcome variable with an expected 25%
diﬀerence in the lung responsiveness, a power of 0.8 and two-sided
alpha error of 0.05. The estimation resulted in a required sample size of
5 for each group, based on the MCh-induced changes in Raw in our
earlier study (Porra et al., 2016). The statistical tests were performed
within the R environment with the lme4 (Bates et al., 2015) and lsmeans
(Lenth, 2016) packages and SigmaPlot 13 (Version 13, Systat Software,
Inc. Chicago, IL, USA), with a signiﬁcance level of p < 0.05.
3. Results
Hemodynamic eﬀects of the constrictor challenges and the con-
comitant dopamine administrations are demonstrated in Fig. 2. There
was no evidence for a change in any circulatory parameters to Hist,
while MCh infusion signiﬁcantly decreased all blood pressure variables
(p < 0.001). During MCh infusion, the higher dose of dopamine infu-
sion elevated all blood pressure parameters (p < 0.05) and CO sig-
niﬁcantly (p=0.039) demonstrating its positive inotropic activity.
Respiratory mechanical responses to the constrictor agonists and to
the simultaneous infusions of dopamine are depicted in Fig. 3. MCh and
Hist both deteriorated the mechanical properties of the respiratory
system with signiﬁcant elevations in Raw (p < 0.001) and G
(p < 0.02) and signiﬁcant decreases in Iaw (p < 0.04). There was no
further change in any of the respiratory mechanical parameters in the
CTRL group, proving the stability of both constrictor-induced dete-
riorations. Conversely, dopamine decreased Raw in the presence of
both MCh (p < 0.03) and Hist (p < 0.05).
To further clarify the eﬀects of dopamine on the respiratory me-
chanics in the presence of MCh or Hist induced constriction, respiratory
Fig. 2. Hemodynamic changes to methacholine, histamine and dopamine infusions. Psys: systolic blood pressure, Pdias: diastolic blood pressure, MAP: mean arterial
pressure, CO: cardiac output, DA: dopamine, Hist: histamine, MCh: methacholine, CTRL: control, Constr: MCh or Hist infusion alone. *: p < 0.05 Hist vs MCh within
a condition, #: p < 0.05 vs. Constr within a group.
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mechanical changes were also expressed relative to the values obtained
when the constrictor agonist was applied alone (Fig. 4). In the CTRL
group, no respiratory mechanical responses were observed. However,
dopamine induced signiﬁcant decreases in Raw (p < 0.03) in the
presence of both bronchoconstrictor agonists with no signiﬁcant dif-
ference between Hist and MCh. There was no evidence for a statistically
signiﬁcant eﬀect of dopamine on the respiratory tissues.
4. Discussion
Respiratory mechanical changes to dopamine were assessed in the
present study in an in vivo animal model mimicking clinical scenarios
encountered in anesthesia and intensive care management, where the
bronchial tone may be elevated by histaminergic and cholinergic
pathways. Besides the well-established beneﬁcial cardiovascular eﬀects
of dopamine, our ﬁndings demonstrate the ability of dopamine to al-
leviate bronchoconstriction mediated by both cholinergic and hista-
minergic pathways. Conversely, dopamine had no eﬀect on the re-
spiratory tissue mechanics.
The current forced oscillatory airway and respiratory tissue para-
meters agree well with those obtained earlier in similar sized rabbits
(Babik et al., 2017; Bayat et al., 2009). They also show good qualitative
concordance with previous data if the diﬀerences in methodology (i.e.
open vs closed chest) or body weight are taken into account (Doras
et al., 2015; Habre et al., 2002). Furthermore, the pattern and magni-
tude of the responses in the respiratory mechanical parameters to Hist
and MCh are also in accordance with previous results obtained under
similar experimental conditions (Habre et al., 2002, 2006; Hantos et al.,
1995).
An important feature of our experimental protocol is the existence
of a steady-state bronchoconstriction induced by Hist and MCh. In
agreement with previous results (Habre et al., 2001), stability of
bronchospasm in response to MCh can be achieved by sustained infu-
sions. While in case of Hist, a gradually decreasing response can be
anticipated due to tachyphylaxis, this phenomenon is more prominent
in the beginning of the challenge (Lutchen et al., 1994). Indeed, the 15-
min stabilization period was suﬃcient to obtain steady-state broncho-
constriction as proved by the lack of changes in Group CTRL (Fig. 3).
Regarding the cardiovascular responses of dopamine, it reversed
fully detrimental cardiovascular changes when the constrictor agonist
induced signiﬁcant losses of blood pressure and cardiac output (e.g.
MCh). This eﬀect is in accordance with the positive inotropic properties
of dopamine. In case of Hist, the doses required to induce similar
bronchial responses to MCh did not compromise the cardiovascular
system. Thus, in the presence of a normal cardiac function, dopamine
did not cause further improvements in agreement with previous data
obtained in rabbits at identical doses (Gosliga and Barter, 2015).
No diﬀerences were detected in the pattern and magnitude of the
respiratory mechanical eﬀects of MCh and Hist: both agents induced
constriction of the central conducting airways indicated by the eleva-
tions in Raw. In the single-compartment model Iaw is known to reﬂect
the mass of the gas in the airways and G reﬂects lung tissue damping.
Fig. 3. Respiratory mechanical responses to methacholine, histamine and dopamine infusions. Raw: airway resistance, Iaw: airway inertance, G: respiratory tissue
damping, H: respiratory tissue elastance. DA: dopamine, Hist: histamine, MCh: methacholine, CTRL: control, Constr: MCh or Hist infusion alone. *: p < 0.05 vs.
Constr within a group, #: p < 0.05 vs. Group CTRL with the same constrictor agonist.
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However, in case of development of peripheral ventilation hetero-
geneities, decreases in Iaw associated with elevations in G occur (Doras
et al., 2018; Lutchen et al., 1996; Petak et al., 1997). Under these cir-
cumstances dopamine infusions lowered airway resistance, indicating
the potential of this inotrope to relax central airway smooth muscle.
The lack of dopamine-induced changes in G and Iaw suggest that the
peripheral heterogeneities caused by MCh or Hist were not alleviated.
The most remarkable ﬁnding of the present study is the lack of
diﬀerences between the pattern and the magnitude of the bronchodi-
lator eﬀects of dopamine in the presence of MCh or Hist. In accordance
with this ﬁnding, there was a statistically signiﬁcant correlation be-
tween relative magnitude of the bronchodilator responses to dopamine
in the presence of MCh and Hist (r= 0.64, p=0.038, data not shown).
The existence of this relationship indicates that greater improvements
to dopamine in the presence of one agonist are also associated with
proportionally greater changes to the same dose of dopamine in the
presence of the other. These results demonstrate that the beneﬁcial
bronchial eﬀect of dopamine is mediated by means of pathways other
than direct histaminergic or cholinergic antagonism. Considering pre-
vious data, the bronchodilation eﬀects of dopamine may be mediated
by stimulation of bronchial β2 adrenergic receptors (Cortijo et al.,
1984) or dopamine receptors subtypes D1 or D2 (Cabezas and Velasco,
2010; Mizuta et al., 2012, 2013). Since bronchi have no sympathetic
innervation (van der Velden and Hulsmann, 1999), the involvement of
a neurally-mediated action of DA is unlikely, direct stimulation of do-
pamine and/or adrenergic receptors is more probable. However, the
exact identiﬁcation of the individual roles of these mechanisms may be
subject of further studies.
A limitation of the present study might be related to the route of
application of dopamine. While we applied dopamine intravenously,
previous studies evidenced bronchodilation in asthmatic patients un-
dergoing acute asthma attack when inhaled dopamine was applied
(Cabezas et al., 2003). Previous studies also described a diﬀerent pat-
tern of the eﬀect of MCh depending on the administration route (Petak
et al., 1997; Strengell et al., 2013). While the pattern of bronchocon-
striction was more homogeneous in case of the intravenous route as
evidenced by high resolution imaging, the summarized changes were
comparable between intravenous and inhalation route with no sig-
niﬁcant diﬀerences in total respiratory resistance and elastance
(Strengell et al., 2013). The same principle may be applied to dopa-
mine, i.e. the two routes likely exerting comparable respiratory eﬀects
with some diﬀerences in the heterogeneity and systemic haemody-
namics.
In summary, airway and respiratory tissue mechanical changes were
characterized following administrations of dopamine at 2 diﬀerent
doses against two constrictor stimuli. Our ﬁndings revealed that in
addition to the well-established beneﬁcial cardiovascular eﬀects of
dopamine, this inotrope ameliorates both cholinergic and histaminergic
bronchoconstriction in a similar degree. Measurement of airway and
respiratory tissue mechanics in an in vivo model revealed that the re-
versal of bronchoconstriction by dopamine is dominant in the central
conducting airways, while the responses in the peripheral airway and
Fig. 4. Respiratory mechanical responses to dopamine infusions relative to those obtained with methacholine or histamine infusions alone. Raw: airway resistance,
Iaw: airway inertance, G: respiratory tissue damping, H: respiratory tissue elastance. DA: dopamine, Hist: histamine, MCh: methacholine, CTRL: control, Constr: MCh
or Hist. *: p < 0.05 Hist vs MCh within a condition.
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tissue compartments were less apparent. The concomitant presence of
the already established beneﬁcial cardiovascular eﬀects of dopamine
and its dose- and stimulus-independent bronchodilator activity may
have importance when the circulatory and respiratory systems are both
impaired, such as in patients with heart failure associated with bron-
chial hyperreactivity or in those with an elevated bronchial tone sub-
sequent to impaired circulatory function. Under these circumstances
both the improved cardiovascular and respiratory functions to dopa-
mine may be particularly beneﬁcial.
Acknowledgements
This study was funded by a Hungarian Basic Research Council Grant
(OTKA-NKFIH K115253) and GINOP-2.3.2-15-2016-00006. GHF re-
ceived a research grant from the NTP-EFÖ-P-15 project funded by the
Human Capacities Grant Management Oﬃce and the Hungarian
Ministry of Human Capacities.
References
Babik, B., Asztalos, T., Petak, F., Deak, Z.I., Hantos, Z., 2003. Changes in respiratory
mechanics during cardiac surgery. Anesth. Analg. 96, 1280–1287 table of contents.
Babik, B., Balogh, A.L., Sudy, R., Ivankovitsne-Kiss, O., Fodor, G.H., Petak, F., 2017.
Levosimendan prevents bronchoconstriction and adverse respiratory tissue mechan-
ical changes in rabbits. Am. J. Physiol. Lung Cell. Mol. Physiol. ajplung 00213 02017.
Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-eﬀects models
using lme4. J. Stat. Softw. 67, 1–48.
Bayat, S., Strengell, S., Porra, L., Janosi, T.Z., Petak, F., Suhonen, H., Suortti, P., Hantos,
Z., Sovijarvi, A.R., Habre, W., 2009. Methacholine and ovalbumin challenges assessed
by forced oscillations and synchrotron lung imaging. Am. J. Respir. Crit. Care Med.
180, 296–303.
Cabezas, G.A., Israili, Z.H., Velasco, M., 2003. The actions of dopamine on the airways.
Am. J. Ther. 10, 477–486.
Cabezas, G.A., Lezama, Y., Vidal, A., Velasco, M., 1999. Inhaled dopamine induces
bronchodilatation in patients with bronchial asthma. Int. J. Clin. Pharmacol. Ther.
37, 510–513.
Cabezas, G.A., Velasco, M., 2010. DA1 receptors modulation in rat isolated trachea. Am.
J. Ther. 17, 301–305.
Chen, C.J., Shue, C.H., 1992. Eﬀect of histamine treatment on dopamine tachyphylaxis of
canine tracheal smooth muscle. Respiration 59, 107–111.
Cortijo, J., Esplugues, J., Morcillo, E.J., Perpina, M., 1984. Pharmacological analysis of
the responsiveness of guinea-pig lung parenchymal strip to dopamine. Br. J.
Pharmacol. 83, 161–167.
Doenicke, A., Moss, J., Lorenz, W., Hoernecke, R., 1995. Intravenous morphine and
nalbuphine increase histamine and catecholamine release without accompanying
hemodynamic changes. Clin. Pharmacol. Ther. 58, 81–89.
Doras, C., Le Guen, M., Petak, F., Habre, W., 2015. Cardiorespiratory eﬀects of recruit-
ment maneuvers and positive end expiratory pressure in an experimental context of
acute lung injury and pulmonary hypertension. BMC Pulm. Med. 15, 82.
Doras, C., Petak, F., Bayat, S., Baudat, A., Von Garnier, C., Eigenmann, P., Habre, W.,
2018. Lung responses in murine models of experimental asthma: value of house dust
mite over ovalbumin sensitization. Respir. Physiol. Neurobiol. 247, 43–51.
Fodor, G.H., Petak, F., Erces, D., Balogh, A.L., Babik, B., 2014. Lung mechanical changes
following bronchoaspiration in a porcine model: diﬀerentiation of direct and indirect
mechanisms. Respir. Physiol. Neurobiol. 199, 41–49.
Gal, T.J., 1980. Pulmonary mechanics in normal subjects following endotracheal
intubation. Anesthesiology 52, 27–35.
Gosliga, J.M., Barter, L.S., 2015. Cardiovascular eﬀects of dopamine hydrochloride and
phenylephrine hydrochloride in healthy isoﬂurane-anesthetized New Zealand white
rabbits (Oryctolagus cuniculus). Am. J. Vet. Res. 76, 116–121.
Habre, W., Babik, B., Chalier, M., Petak, F., 2002. Role of endogenous histamine in altered
lung mechanics in rabbits. Anesthesiology 96, 409–415.
Habre, W., Disma, N., Virag, K., Becke, K., Hansen, T.G., Johr, M., Leva, B., Morton, N.S.,
Vermeulen, P.M., Zielinska, M., Boda, K., Veyckemans, F., Network,
A.G.o.t.E.S.o.A.C.T, 2017. Incidence of severe critical events in paediatric anaesthesia
(APRICOT): a prospective multicentre observational study in 261 hospitals in Europe.
Lancet Respir. Med. 5, 412–425.
Habre, W., Petak, F., Sly, P.D., Hantos, Z., Morel, D.R., 2001. Protective eﬀects of volatile
agents against methacholine-induced bronchoconstriction in rats. Anesthesiology 94,
348–353.
Habre, W., Scalfaro, P., Schutz, N., Stucki, P., Petak, F., 2006. Measuring end-expiratory
lung volume and pulmonary mechanics to detect early lung function impairment in
rabbits. Respir. Physiol. Neurobiol. 152, 72–82.
Hantos, Z., Daroczy, B., Suki, B., Nagy, S., Fredberg, J.J., 1992. Input impedance and
peripheral inhomogeneity of dog lungs. J. Appl. Physiol. 72, 168–178.
Hantos, Z., Petak, F., Adamicza, A., Daroczy, B., Fredberg, J.J., 1995. Diﬀerential re-
sponses of global airway, terminal airway, and tissue impedances to histamine. J.
Appl. Physiol. (1985) 79, 1440–1448.
Hirshman, C.A., Bergman, N.A., 1990. Factors inﬂuencing intrapulmonary airway calibre
during anaesthesia. Br. J. Anaesth. 65, 30–42.
Hirshman, C.A., Edelstein, R.A., Ebertz, J.M., Haniﬁn, J.M., 1985. Thiobarbiturate-in-
duced histamine release in human skin mast cells. Anesthesiology 63, 353–356.
Holzman, R.S., 1994. Morbidity and mortality in pediatric anesthesia. Pediatr. Clin. North
Am. 41, 239–256.
Lenth, R.V., 2016. Least-squares means: the R package lsmeans. J. Stat. Softw. 69, 1–33.
Lutchen, K.R., Hantos, Z., Petak, F., Adamicza, A., Suki, B., 1996. Airway inhomogeneities
contribute to apparent lung tissue mechanics during constriction. J. Appl. Physiol.
(1985) 80, 1841–1849.
Lutchen, K.R., Suki, B., Zhang, Q., Petak, F., Daroczy, B., Hantos, Z., 1994. Airway and
tissue mechanics during physiological breathing and bronchoconstriction in dogs. J.
Appl. Physiol. (1985) 77, 373–385.
Michoud, M.C., Amyot, R., Jeanneret-Grosjean, A., 1984. Dopamine eﬀect on broncho-
motor tone in vivo. Am. Rev. Respir. Dis. 130, 755–758.
Mizuta, K., Zhang, Y., Xu, D., Masaki, E., Panettieri Jr., R.A., Emala, C.W., 2012. The
dopamine D(2) receptor is expressed and sensitizes adenylyl cyclase activity in
airway smooth muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 302, L316–324.
Mizuta, K., Zhang, Y., Xu, D., Mizuta, F., D’Ovidio, F., Masaki, E., Emala, C.W., 2013. The
dopamine D1 receptor is expressed and facilitates relaxation in airway smooth
muscle. Respir. Res. 14, 89.
North, F.C., Kettelkamp, N., Hirshman, C.A., 1987. Comparison of cutaneous and in vitro
histamine release by muscle relaxants. Anesthesiology 66, 543–546.
Nunn, J.F., 1990. Eﬀects of anaesthesia on respiration. Br. J. Anaesth. 65, 54–62.
Petak, F., Hantos, Z., Adamicza, A., Asztalos, T., Sly, P.D., 1997. Methacholine-induced
bronchoconstriction in rats: eﬀects of intravenous vs. aerosol delivery. J. Appl.
Physiol. (1985) 82, 1479–1487.
Porra, L., Bayat, S., Malaspinas, I., Albu, G., Doras, C., Broche, L., Strengell, S., Petak, F.,
Habre, W., 2016. Pressure-regulated volume control vs. volume control ventilation in
healthy and injured rabbit lung: an experimental study. Eur. J. Anaesthesiol. 33,
767–775.
Strengell, S., Porra, L., Sovijarvi, A., Suhonen, H., Suortti, P., Bayat, S., 2013. Diﬀerences
in the pattern of bronchoconstriction induced by intravenous and inhaled metha-
choline in rabbit. Respir. Physiol. Neurobiol. 189, 465–472.
Thomson, N.C., Patel, K.R., 1978. Eﬀect of dopamine on airways conductance in normals
and extrinsic asthmatics. Br. J. Clin. Pharmacol. 5, 421–424.
van der Velden, V.H., Hulsmann, A.R., 1999. Autonomic innervation of human airways:
structure, function, and pathophysiology in asthma. Neuroimmunomodulation 6,
145–159.
G.H. Fodor et al. Respiratory Physiology & Neurobiology 259 (2019) 156–161
161
